The transcription factor c-Myc has a critical role in cell proliferation and growth. The control of ribosome biogenesis by c-Myc through the regulation of transcription mediated by all three RNA polymerases is essential for c-Myc-driven proliferation. Specifically, in the nucleolus, c-Myc has been shown to be recruited to ribosomal DNA and activate RNA polymerase (pol) I-mediated transcription of ribosomal RNA (rRNA) genes. In addition, c-Myc accumulates in nucleoli upon inhibition of the proteasome, suggesting nucleolar localization also has a role in c-Myc proteolysis. Nucleophosmin (NPM), a predominantly nucleolar protein, is also critical in ribosome biogenesis and, like c-Myc, is found overexpressed in many types of tumors. Previously, we demonstrated that NPM directly interacts with c-Myc and controls c-Myc-induced hyperproliferation and transformation. Here, we show that NPM is necessary for the localization of c-Myc protein to nucleoli, whereas c-Myc nucleolar localization is independent of p53, Mdm2 and ARF. Conversely, high transient NPM expression enhances c-Myc nucleolar localization, leading to increased c-Myc proteolysis. In addition, NPM is necessary for the ability of c-Myc to induce rRNA synthesis in the nucleolus, and constitutive NPM overexpression stimulates c-Myc-mediated rRNA synthesis. Taken together, these results demonstrate an essential role for NPM in c-Myc nucleolar localization and c-Myc-mediated rDNA transcription.
INTRODUCTION
The transcription factor c-Myc has a critical role in the control of cell growth and proliferation through the control of a variety of target genes involved in protein translation, metabolism, nucleolar function, ribosomal biogenesis and cell cycle progression. 1, 2 Overexpression or deregulation of c-Myc leads to transformation with changes in ribosome production and nucleolar morphology. 3 Ribosomal biogenesis, which includes ribosomal RNA (rRNA) gene transcription, pre-rRNA processing and assembly of the mature rRNAs with ribosomal proteins, is a tightly regulated cellular process. 4 c-Myc controls ribosome biogenesis through the regulation of transcription by all three RNA polymerases. 5 Pol I transcribes multiple copies of the rRNA gene that encodes the 47S rRNA precursor of the 18S, 5.8S and 28S rRNAs. Pol II transcribes the mRNAs for ribosomal proteins and Pol III transcribes 5S rRNA as well as various tRNAs. 5 c-Myc is required for activating rDNA transcription in the nucleolus, which is a rate-limiting step in ribosome biogenesis, by binding to rDNA and stimulating Pol I-mediated rDNA transcription. [6] [7] [8] [9] Endogenous c-Myc is detected at sites of active rDNA transcription and in nucleoli following serum stimulation of quiescent cells. 7, 10 c-Myc has also been detected in nucleoli in adult liver tissue and during liver regeneration. 11 However, it is unknown how c-Myc is recruited to nucleoli. Nucleolar accumulation of c-Myc and proteasomes is readily apparent upon proteasome inhibition, giving rise to the idea that c-Myc is rapidly degraded in nucleoli. 12, 13 In support of this idea, c-Myc associates with the nucleolar E3 ubiquitin ligase Fbw7g, which is dependent on c-Myc Thr58 phosphorylation, 14, 15 and inhibition of Fbw7g causes an accumulation of nucleolar c-Myc and an increase in cell size. 13 Nucleophosmin (NPM) is a major nucleolar protein that has multiple roles in cell growth and proliferation, including pre-rRNA synthesis and processing, ribosome assembly and transport, DNA duplication, nucleolus-nucleoplasm-cytoplasm protein trafficking as a molecular chaperone, transcriptional regulation and centrosome duplication. [16] [17] [18] [19] Specifically for rRNA synthesis, NPM was found associated with rRNA gene chromatin and inhibition of NPM expression resulted in a reduction of rDNA transcription. 20 NPM is found overexpressed in a variety of tumors and is a transcriptional target of c-Myc. 16 We previously demonstrated that NPM directly interacts with c-Myc and is recruited to c-Myc target gene promoters. 21 NPM is necessary for efficient induction of Pol II-transcribed c-Myc target genes, while NPM overexpression stimulates c-Myc target gene expression. 21 Overexpression of NPM enhances proliferation and myc/ras cotransformation in mouse embryo fibroblasts (MEFs), while inhibiting oncogeneinduced apoptosis and senescence. 22 Overexpressed NPM also dramatically stimulates c-Myc-induced hyperproliferation and transformation independently of ARF and p53, while endogenous NPM is essential for these oncogenic activities. 21 In this report we show that NPM is essential for c-Myc nucleolar localization and c-Myc-mediated rRNA synthesis. Overexpression of NPM leads to accumulation of c-Myc in nucleoli, enhanced c-Myc proteolysis and increased c-Myc-mediated rRNA synthesis. Therefore, our results suggest that NPM controls c-Myc nucleolar localization and function.
localization. An established method to detect the accumulation of c-Myc in nucleoli is to inhibit protein degradation with proteosome inhibitors, such as MG132. 12 In p53 À / À MEFs, both exogenous YFP-Myc ( Figure 1A , panels a-c) and endogenous c-Myc (Figure 2A , panels a-c) had a predominantly diffuse nucleoplasmic localization, whereas nucleolin showed typical nucleolar staining. When proteolysis was inhibited with MG132, exogenous ( Figure Figure 4a) . Virtually all cells having high expression of exogenous NPM had nucleolar c-Myc. As NPM binds to both N-terminal and C-terminal domains of c-Myc, 21 we determined whether both binding domains can be translocated to nucleoli by NPM overexpression. À / À MEFs were coimmunostained for endogenous nucleolin using 1 mg/ml anti-nucleolin (C23, Santa Cruz Biotechnology) with AlexaFluor594 donkey anti-rabbit IgG secondary antibodies (Molecular Probes) at a dilution of 1:500 and endogenous c-Myc using 1 mg/ ml anti-Myc (C33, Santa Cruz Biotechnology) with AlexaFluor488 goat anti-mouse IgG secondary antibodies (Molecular Probes) at a dilution of 1:500. (Panels a-c) c-Myc and nucleolin were visualized using fluorescence microscopy as described in The cells were treated with 10 mM MG132 for 6 h and c-Myc and nucleolin were visualized using fluorescence microscopy. A minimum of 100 cells were examined for each experiment.
nucleoli more efficiently than the N-terminal domain following proteasomal inhibition. 6 Therefore, although the nucleolar localization of c-Myc following proteasomal inhibition is dependent on NPM, the mechanism of NPM-enhanced c-Myc nucleolar localization may be distinct from the mechanism mediating c-Myc nucleolar localization following proteasomal inhibition.
Nucleolar accumulation of c-Myc following proteasome inhibition suggests that c-Myc is rapidly degraded in nucleoli. As Immunoblot analysis was performed on cells harvested at the indicated times using anti-MycN100, 34 anti-NPM (Zymed #Fc-61991, South San Francisco, CA, USA) and anti-actin (Sigma #AC-74, St Louis, MO, USA) as described in Li et al. 21 (C) TKO MEFs were transiently transfected with DNA encoding YFP-MycT58A and Ds-Red-NPM at a ratio of 1:5 and the proteins were visualized using fluorescence microscopy. (D) YFP-MycT58A DNA was transfected alone or with Ds-Red-NPM DNA at a ratio of 1:5 and 2 days later the cells were treated with 50 mg/ml cycloheximide to block protein synthesis. Immunoblot analysis was performed on cells as described in (B). (E) TKO MEFs were transiently transfected with DNA encoding Ds-Red-NPM. Endogenous c-Myc was visualized using fluorescence microscopy as described in Figure 2 and localization of c-Myc was assessed in cells overexpressing exogenous NPM. A minimum of 100 cells were examined for each experiment.
overexpression of NPM causes an efficient translocation of exogenous c-Myc to nucleoli, we examined whether high NPM expression enhances c-Myc proteolysis. To determine the effects of high NPM levels on c-Myc proteolysis we performed cycloheximide chase assays. c-Myc protein was expressed without NPM or coexpressed with the high levels of NPM that caused nucleolar accumulation of c-Myc. c-Myc protein levels were then monitored by immunoblot analysis following treatment with cycloheximide to inhibit protein synthesis. Overexpression of NPM caused an increase in c-Myc proteolysis by approximately twofold ( Figure 3B) . However, we previously demonstrated that loss of NPM in cells does not affect c-Myc stability, 21 suggesting that NPM enhances c-Myc proteolysis through increased nucleolar transport of c-Myc.
Degradation of nucleolar c-Myc has been proposed to be mediated by the nucleolar E3 ubiquitin ligase Fbw7g, whereas Fbw7a contributes to the proteolysis of nucleoplasmic c-Myc. 13, 26 It has also been reported that NPM enhances c-Myc proteolysis by controlling the nucleolar localization and stability of Fbw7g. 27 To determine whether Fbw7g is involved in the enhanced proteolysis of nucleolar c-Myc mediated by high NPM overexpression, we used the phosphorylation mutant c-MycT58A. c-MycT58A does not bind to either nucleolar Fbw7g or nucleoplasmic Fbw7a efficiently, as their binding is dependent on phosphorylation at Thr58. 14, 15 Using c-MycT58A alleviates indirect effects of inhibiting Fbw7 expression on other substrates. As with wild-type c-Myc, c-MycT58A localized to nucleoli upon transient overexpression of NPM ( Figure 3C and Supplementary Figure 4b ). This suggests that Fbw7g does not influence c-Myc nucleolar localization, which is also supported by the earlier finding that c-MycT58A accumulates in nucleoli upon proteasome inhibition. 13 As previously reported, [28] [29] [30] the T58A mutation resulted in a stabilization of c-Myc protein by approximately twofold (compare Figures 3B  and D) in both the nucleoplasm and nucleoli, presumably because of the inability to bind nucleoplasmic Fbw7a and nucleolar Fbw7g, respectively. However, similar to the wild-type c-Myc, overexpressed NPM was able to enhance the proteolysis of nucleolar c-MycT58A by approximately twofold ( Figure 3D ). This suggests that while the nucleolar Fbw7g does contribute to c-Myc nucleolar proteolysis, the enhanced nucleolar proteolysis of c-Myc due to NPM overexpression is mediated by other nucleolar ubiquitin ligases or other proteolytic mechanisms. Enhanced nucleolar proteolysis may occur with many proteins, as Boisvert et al. 31 found enhanced proteolysis of nucleolar proteins compared with nuclear and cytoplasmic proteins in a large-scale proteomics analysis.
These results suggest that transient overexpression of NPM can drive c-Myc nucleolar localization, which leads to enhanced proteolysis. However, we previously did not detect a substantial amount of c-Myc in nucleoli of MEFs stably expressing exogenous NPM and c-Myc, likely because of the inability to achieve high constitutive expression of exogenous NPM in cells. 21 Perhaps high constitutive NPM expression and/or high nucleolar c-Myc accumulation cannot be tolerated in cells. To examine the effects of bypassing NPM and forcing the nucleolar localization of c-Myc, we generated c-Myc proteins with a nucleolar localization signal sequence either at the C-terminus of c-Myc or internally (amino acids 336-337). Although both Rat1a cells and c-myc À / À Rat1 (HO16) stable lines were generated, we were unable to detect expression of the c-Myc proteins having the nucleolar signal sequences in these cells until protein degradation was inhibited by MG132 (Supplementary Figure 6 and data not shown), suggesting that c-Myc is rapidly degraded in the nucleolus. Taken together, these results suggest that nucleolar localization, controlled by NPM, leads to rapid degradation of c-Myc in nucleoli by the proteasome.
As the endogenous c-Myc does not accumulate in nucleoli following proteasome inhibition as readily as exogenous c-Myc, we examined whether endogenous c-Myc and NPM colocalize in nucleoli of cells under other conditions. We first examined the ability of transiently overexpressed NPM to translocate endogenous c-Myc to nucleoli in TKO MEFs. In contrast to the efficient translocation of exogenous c-Myc to nucleoli in cells with high NPM overexpression ( Figure 3A , panels d-f, and Supplementary Figure 4a) , only 10% of the cells having high NPM overexpression displayed nucleolar endogenous c-Myc as shown in Figure 3E . As endogenous c-Myc has been detected in nucleoli after serum stimulation of the quiescent cells, 7 we serum starved p53 À / À ARF À / À MEFs to enrich for growth-arrested cells and then stimulated with serum. In arrested cells the levels of c-Myc were low and we did not observe any c-Myc in nucleoli (Supplementary Figure 7) . Following serum stimulation we detected c-Myc in nucleoli in a small percentage of cells (less than 5%) that colocalized with NPM. Other proteins, such as basic fibroblast growth factor and histone H1x, have also been shown to accumulate in nucleoli during the G1 phase of the cell cycle. 32, 33 Taken together these results suggest that the timing and abundance of nucleolar endogenous c-Myc localization mediated by NPM is a highly regulated process.
NPM stimulates c-Myc-induced rRNA synthesis Both c-Myc and NPM have been shown to have functional roles in nucleoli. c-Myc binds to ribosomal DNA and activates Pol I-mediated transcription of rRNA genes, [6] [7] [8] whereas NPM has multiple roles in ribosomal biogenesis, including regulation of rDNA transcription. 20 Accumulation of c-Myc in the nucleolus also correlates with the stimulation of ribosomal gene transcription in G1 following serum stimulation. As we find that NPM controls the localization of c-Myc to nucleoli and we previously showed that NPM stimulates the transcriptional activity of c-Myc, we examined whether NPM influenced the ability of c-Myc to induce rDNA transcription. We used our previously described p53
ARF
À / À MEFs that express c-MycER with exogenous NPM overexpression or with reduced NPM expression using shRNA. 21 c-MycER is an inducible chimeric protein that can be activated by addition of hydroxytamoxifen. After c-MycER activation with hydroxytamoxifen, RT-PCR analysis of 47S pre-rRNA expression showed that 47S rRNA synthesis increased 1.8-fold by 12 h (Figure 4) , which is consistent with other reports.
6-8 NPM overexpression with c-MycER activation caused an earlier and greater stimulation of rRNA synthesis (Figure 4) . In contrast, reduction of endogenous NPM expression inhibited the ability of c-MycER to induce rRNA synthesis following activation (Figure 4) . Therefore, these results demonstrate that NPM controls the ability of c-Myc to induce rDNA transcription.
On the basis of our findings we propose that NPM is critical for directly shuttling a percentage of c-Myc to nucleoli for the purpose of promoting c-Myc-induced Pol I-mediated rDNA transcription. High levels of c-Myc and NPM found in many tumors would stimulate rRNA synthesis for increased ribosomal biogenesis for enhanced tumor growth. As NPM is a target gene of c-Myc, 16 positive feedback would also occur. In addition, NPM is recruited with c-Myc to other target gene promoters and enhances target gene expression. 21 As a result, overexpressed NPM would be predicted to stimulate c-Myc target genes transcribed by Pol II involved in ribosome production, such as ribosomal and nucleolar proteins. NPM has also been found to be associated with rDNA genes and downregulation of NPM by siRNA results in reduction of rDNA transcription. 20 Therefore, the ability of NPM to stimulate c-Myc-induced rDNA transcription is likely due to both control of c-Myc nucleolar localization and transcriptional activity. The enhanced proteolysis of c-Myc in the nucleolus suggests that once c-Myc activates rDNA transcription it is rapidly degraded. In fact, it has been shown that proteasomemediated degradation of c-Myc is required for Myc-regulated Pol I NPM controls nucleolar c-Myc Z Li and SR Hann transcription. 6 As NPM associates with c-Myc in both the nucleoplasm and nucleoli and is essential for the activity of c-Myc in both locations, the nucleolar localization mediated by NPM must be tightly regulated. The differential ability of exogenous and endogenous c-Myc to translocate to nucleoli following proteasome inhibition or NPM overexpression, suggests that exogenous c-Myc disrupts this mechanism, which may be regulated by modification of c-Myc and/or NPM or by interaction with binding proteins that enhance nuclear retention. Future studies will focus on the regulation of c-Myc nucleolar translocation by NPM and the molecular mechanism mediating the stimulation of c-Myc transcriptional activity by NPM. À / À ARF À / À MycER MEFs are described in Qi et al. 24 and the p53 À / À ARF À / À MycER MEFs stably expressing NPM or siNPM are described in Li et al. 21 All cell lines were cultured in DMEM with 10% calf serum and plated at a density of 2.5 Â 10 6 cells/10 cm dish. The next day the cells were shifted to media containing 0.1% calf serum for 3 days followed by activation of c-MycER with 10 mM hydroxytamoxifen. At the indicated times following activation of c-Myc, total RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and treated with DNAase (Ambion, Austin, TX, USA). RT-PCR was performed using the Titan one tube RT-PCR system (Roche Diagnostics Corporation, Indianapolis, IN, USA) according to the manufacturer's protocols. The primers used for PCR amplification of pre-rRNA spanning the 5 0 -external transcribed spacer (5 0 -ETS) were 5 0 -TGTCTTGCCCCGCGTGTAAG-3 0 and 5 0 -CGCT TACAAGAAACAGCGCG-3 0 . For the control, acidic ribosomal phosphoprotein P0 (ARPP P0), the primers were 5 0 -GACCTGGAAGTCC AACTACTTC-3 0 and 5 0 -TGAGGTCCTCCTTGGTGAACAC-3 0 . RT-PCR products were separated by 2% agarose gel electrophoresis. Relative values compared with the unactivated control samples were graphed as the mean ± s.d. from triplicate assays. Each time course is representative of at least two independent experiments. Statistically significant difference between the two groups (DKO MycER vs DKO MycER with NPM or siNPM) was assessed using a two-tailed unpaired Student's t-test. *Indicates 0.01oPo0.05, **indicates 0.01oPo0.001.
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